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ABSTRACT

Food systems are complex microbial ecosystems in which microorganisms play dual and often contrasting roles as agents of food-
borne contamination and as essential drivers of food production and biotechnological innovation. Microbial ecology provides an
integrative framework for understanding how microbial interactions, environmental conditions, and human interventions shape
food safety outcomes and technological processes. This narrative integrative review is aimed at synthesizing current literature
on microbial ecology at the nexus of food safety and food biotechnology and at identifying key research gaps and future direc-
tions. In this study, peer-reviewed journal articles addressing microbial interactions, contamination pathways, and ecological
mechanisms relevant to food safety and biotechnology published between 2015 and 2025 were retrieved from major scientific
databases and were synthesized using a narrative integrative approach. The review highlights ecological factors including mi-
crobial competition, stress adaptation, and biofilm formation across pre- and postharvest environments. At the same time, these
same ecological principles are harnessed in food biotechnology to drive controlled fermentations, enhance shelf life through
biopreservation, develop functional probiotics and enzymes, and engineer microbial systems via synthetic biology. Advances in
high-throughput sequencing technologies, including whole genome sequencing, metagenomics, and multiomics integration, are
identified as transformative tools for linking food-associated microbial community structure to functional outcomes. Despite
significant progress, challenges remain in translating ecological insights into reliable industrial and regulatory practices due to
microbial complexity, data integration limitations, and safety considerations. The review positions microbial ecology as a strate-

gic framework for advancing food safety, biotechnological innovation, and sustainable food systems.

1| Introduction

Food safety is the process of handling, preparing, and storing
food in ways that prevent foodborne illness. Food can become
contaminated at any point during slaughtering or harvesting,
processing, storage, distribution, transportation, and prepa-
ration [1]. Food systems are complex ecosystems riddled with
abundant microbial life, ranging from organisms that are
pathogenic to those that are beneficial. On one hand, microbial

activity can lead to undesirable outcomes such as food spoilage
and the proliferation of foodborne pathogens, posing significant
risks to public health and inflicting substantial economic bur-
dens on the food industry [2]. An estimated 600 million, almost
1 in 10 people in the world, fall ill after eating contaminated
food, and 420,000 die every year [3, 4]. Each year, $110 billion is
lost in productivity and medical expenses resulting from unsafe
food in low- and middle-income countries [5]. While microor-
ganisms are often associated with foodborne illness, they are
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indispensable to food production, particularly through fermen-
tation processes that enhance flavor and texture and extend shelf
life [6]. Furthermore, the inherent capabilities of microorgan-
isms are increasingly being harnessed through biotechnological
applications to develop novel food ingredients, processing aids,
and innovative preservation strategies [7]. Conventional food
safety detection methods often depend on culture-based ap-
proaches, though these fail to fully represent the complexity and
dynamics of microbial ecosystems [8]. Recent advancements in
microbial ecology offer insights into contamination pathways,
resilience mechanisms, and biotechnological applications, pre-
senting opportunities for sustainable solutions in food systems
[9, 10].

Microbial ecology is the discipline that examines the interac-
tions among microorganisms, their environments, and exter-
nal interventions, providing a framework for understanding
how microbial communities function, adapt, and influence
both contamination dynamics and beneficial processes within
food systems, as illustrated by studies on microbial community
assembly and interaction networks in diverse habitats [11-13].
By understanding these dynamics, innovative solutions that go
beyond simple eradication to prevent contamination and pro-
mote ecological balance can be developed. Biotechnological
applications derived from microbial ecological research hold
transformative potential for food safety. Applications such
as biopreservation, probiotics, fermentation, microbial bio-
sensors, and synthetic biology leverage ecological principles
to enhance food quality, extend shelf life, and improve safety
[14]. Traditional fermentation, the linchpin of food preser-
vation and cultural heritage, is being utilized to harness the
metabolic activities of microorganisms like lactic acid bac-
teria (LAB) and yeasts [7, 15]. Modern biotechnology builds
upon this knowledge to develop defined starter cultures and
create novel fermented products with enhanced sensory and
nutritional profiles [16]. The field of functional foods lever-
ages specific microbes (probiotics) or substrates that modu-
late microbial activity (prebiotics) to promote gut health [17].
Biopreservation utilizes beneficial microorganisms or their
metabolites to inhibit the growth of undesirable microbes,
offering natural alternatives to chemical preservatives [18].
More recently, synthetic biology is opening new frontiers, en-
abling the engineering of microorganisms to produce valuable
food ingredients, enhance nutritional content, or even create
entirely new food sources in a sustainable manner [19]. These
advancements also support sustainability by reducing reliance
on chemical preservatives and antibiotics [20].

Despite the growing interest in the field of microbial ecol-
ogy, there are gaps in understanding microbial community
dynamics and their practical applications [21]. Existing liter-
ature often lacks a comprehensive synthesis of findings rel-
evant to both food safety and biotechnological innovations.
The intricate relationship between microbial contamination
and biotechnological innovation underscores the central im-
portance of microbial ecology in modern food science. This re-
view is aimed at synthesizing current literature on the role of
microbial ecology in understanding and mitigating microbial
contamination and in driving biotechnological innovations
that improve food safety and also at identifying research gaps
and future directions.

2 | Methodology

This study was conducted as a narrative integrative review
aimed at synthesizing current knowledge on the role of micro-
bial ecology in food safety and biotechnological applications. A
structured but nonsystematic approach was adopted to capture
both foundational concepts and recent technological advance-
ments in the field.

2.1 | Search Strategy

A comprehensive literature search was performed using
PubMed, Scopus, Web of Science, and Google Scholar databases.
Publications from 2015 to 2025 were prioritized to ensure rele-
vance to recent developments, although seminal earlier works
were included where necessary for conceptual grounding.
Search terms included combinations of microbial ecology, food
safety, food microbiome, fermentation, biopreservation, probi-
otics, metagenomics, synthetic biology, and food biotechnology.
Boolean operators (“AND” and “OR”) were applied to refine
search results.

2.2 | Study Selection and Eligibility

Studies were selected based on relevance to microbial interac-
tions within food systems and their implications for contamina-
tion control or biotechnological innovation.

2.2.1 | Inclusion Criteria

« Peer-reviewed journal articles published in English.

» Studies addressing microbial ecology in food production,
processing, preservation, or fermentation.

« Research linking microbial community dynamics to food
safety, quality, or biotechnology.

« In addition to original research articles, selected review
articles were included to provide conceptual background,
support thematic synthesis, and ensure comprehensive cov-
erage of the topic.

2.2.2 | Exclusion Criteria

« Non-peer-reviewed literature (conference abstracts, edito-
rials, and opinion pieces).

« Studies focused solely on clinical or environmental microbi-
ology without food relevance.

« Articles lacking ecological or functional interpretation.

Titles and abstracts were initially screened for relevance, fol-
lowed by full-text evaluation. A total of 178 articles met the
inclusion criteria and were retained for inclusion in the final
synthesis.
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2.3 | Data Extraction and Synthesis

Key information extracted from selected studies included mi-
crobial taxa involved, ecological interactions, environmental
drivers, methodological approaches, and practical implications
for food safety or biotechnology. Findings were synthesized
thematically across major domains, including contamination
pathways, fermentation ecology, biopreservation, enzyme bio-
technology, probiotics, and emerging omics-based tools. Rather
than quantitative meta-analysis, this review emphasizes con-
ceptual integration and ecological interpretation of evidence.

2.4 | Synthesis of Evidence

The following section synthesizes published evidence on mi-
crobial ecology in food systems, focusing on contamination
pathways, ecological drivers of microbial persistence, and appli-
cations in food biotechnology.

2.5 | Microbial Ecology and Food Safety

Microbial contamination in food systems arises from complex
ecological interactions across production, processing, and dis-
tribution environments. Rather than isolated events, contam-
ination reflects the ability of pathogens to persist, adapt, and
compete within food-associated microbial communities.

Contamination

Environment
(water, soil)

Human handling

©6 066

2.6 | Sources and Pathways of Contamination

Microbial contamination in food is of highest concern for
humans as it affects public health, safety, and the global
economy as a whole. Contamination originates from water,
soil, and processing environments, introducing pathogens
like Salmonella and Listeria [22] (Figure 1). Understanding
the ecological origins and transmission routes of foodborne
pathogens is important for effective control and prevention.
Food contamination occurs at any point along the food chain
[23]. Pathogens can be introduced into food during primary
production, particularly for fresh produce, of which sources
include contaminated soil (which can be a natural reservoir
for pathogens like Listeria monocytogenes), improperly treated
animal manure used as fertilizer, contaminated irrigation
water (especially surface water), and fecal shedding by wild
or domestic animals [24]. Insects such as flies can also serve
as pathways for contamination by acting as vectors, transfer-
ring pathogens from contaminated sources to food produce
[25, 26]. Food can also be contaminated in food processing
facilities, of which sources include raw materials, personnel,
and the environment [1]. Biofilms on equipment surfaces en-
hance microbial resilience, complicating decontamination
efforts [27]. Major bacterial, viral, and parasitic pathogens im-
plicated in foodborne disease, their sources, ecological niches,
and control strategies are summarized in Tables 1 and 2.
These pathogens can lead to severe gastrointestinal diseases,
with some strains causing life-threatening complications.

Spoilage mechanisms

Proteolysis
(protein acid)

Lipolysis
Raw materials (fatty acids)
Microbial
. " 11(1iteract10n Fermentation
Processing 00d ecosystem (carbohydrates, acids)
environment

Mycotoxin production

l Preservation l

Refrigeration

Organic acids

Modified atmosphere

Biopreservation packaging (MAP)

©

FIGURE1 | Conceptual overview of microbial ecology in food systems illustrating contamination sources (environment, raw materials, process-

ing, and human handling), microbial interactions (pathogens, spoilage organisms, and beneficial microbes), ecological processes (competition, bio-

film formation, and fermentation), and preservation strategies (biopreservation, organic acids, refrigeration, and modified atmosphere packaging).
This figure is a modified illustration based on an initial AI-generated image using ChatGPT. The authors substantially revised and refined the figure,
including all structural elements, labels, and conceptual relationships, to reflect the framework presented in this study.
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TABLE1 | Most common pathogens implicated foodborne outbreaks, sources, and control measures.

Pathogen Primary food sources Common symptoms Key control measures References
Salmonella Raw meat, poultry, Diarrhea, fever, abdominal Cook thoroughly, avoid [28]
eggs, unpasteurized cramps, vomiting cross-contamination,
dairy, produce refrigerate promptly
Campylobacter Raw poultry, Diarrhea (often bloody), Cook poultry [29]
unpasteurized milk, cramps, fever, vomiting thoroughly, avoid
contaminated water cross-contamination,
use pasteurized milk
E. coli (STEC) Undercooked ground Severe abdominal Cook ground beef [30, 31]
beef, unpasteurized cramps, diarrhea (often thoroughly, wash
milk/juice, produce bloody), vomiting produce, avoid
unpasteurized products
Listeria monocytogenes Unpasteurized dairy, Fever, muscle aches, Avoid high-risk foods if [32]
ready-to-eat meats, nausea, diarrhea; at risk, cook thoroughly,
soft cheeses, produce can be severe practice good hygiene
Clostridium botulinum Improperly canned Double vision, blurred Proper canning [33]
foods, honey (infants) vision, slurred techniques, avoid giving
speech, paralysis honey to infants
Staphylococcus aureus Cooked foods left at Nausea, vomiting, Practice good hygiene, [34, 35]
room temperature; foods abdominal cramps, refrigerate cooked
handled by infected diarrhea (rapid onset) foods promptly
persons, beef, eggs
Bacillus cereus Rice, sauces, raw Diarrheal: diarrhea Refrigerate leftovers [36, 37]
milk, soups left at and cramps; emetic: promptly, keep hot foods
room temperature nausea and vomiting hot, cool foods quickly
Norovirus Contaminated food or Nausea, vomiting, Practice good hygiene, [38, 39]

water, surfaces, raw
oysters, produce

diarrhea, abdominal
cramps

wash hands thoroughly,
cook shellfish thoroughly

2.7 | Ecological Factors Influencing Pathogen
Survival and Proliferation

The survival and proliferation of pathogens in food systems are
significantly influenced by various ecological factors [47]. In pre-
harvest environments, pathogen dynamics are affected by soil
characteristics, including type, moisture, pH, and organic mat-
ter [48]. Additionally, irrigation practices and prevailing weather
conditions, such as temperature, humidity, and UV radiation, play
critical roles in the survival of pathogens [49]. For example, cool,
moist conditions often favor bacterial survival. The physiology of
the plant, including its surface characteristics and growth stage,
also impacts pathogen dynamics. Indigenous microbial commu-
nities, such as those found in the phyllosphere and rhizosphere,
can either inhibit or facilitate pathogen growth through competi-
tive interactions [50, 51]. Pathogens can attach to produce surfaces
and may even internalize into plant tissues via natural openings
or wounds, which protects them from surface decontamination
methods [52]. In postharvest and processing environments, factors
such as temperature, water activity, pH, and nutrient availability
affect pathogen growth or survival [53]. Pathogens also form bio-
films that provide an additional layer of protection, enhancing
pathogen persistence on surfaces and their resistance to envi-
ronmental stresses [54]. Pathogens require organic compounds,
carbohydrates, and proteins for their survival and growth. In

environments where beneficial microbes are suppressed, the avail-
ability of nutrients can enhance pathogen survival, highlighting
the importance of maintaining a balanced microbial community
[55]. Beneficial microbes can produce antimicrobial substances
that inhibit pathogen growth, creating a competitive exclusion
environment. Host factors, such as the presence of animals or hu-
mans, further influence pathogen dynamics. Many pathogens are
zoonotic and can be carried asymptomatically by animals, leading
to contamination of food products [43]. Human behaviors, includ-
ing improper food handling and inadequate cooking, can create
favorable conditions for pathogen proliferation, prompting the
need for education on safe food practices [3]. Moreover, environ-
mental stressors, including antimicrobial agents, also play a role in
pathogen survival. While preservatives can inhibit growth, some
pathogens may develop resistance, necessitating ongoing monitor-
ing and adaptation of food safety practices [56] (Table 2).

2.8 | Microbial Ecology as a Driver of Food
Biotechnology

Beyond contamination control, microbial ecology provides the
foundation for food biotechnology by enabling the rational use
of microbial interactions to enhance food quality, functional-
ity, and safety. While foodborne microbes pose hazards, many
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TABLE 2 | Ecological niches and safety concerns of key foodborne pathogens.

Pathogen Niches Survival mechanism Associated illness References
Listeria monocytogenes Ready-to-eat (RTE) Psychrotrophic, Listeriosis [40, 41]
foods, dairy products, biofilm formation,
fresh produce, soil acid/salt tolerance,
intracellular survival
Salmonella spp. Poultry, eggs, meat, fresh Biofilm formation, Salmonellosis [42]
produce, contaminated survival in diverse
water/feed environments (soil,
water), resistance to
drying, gut colonization
Escherichia coli 0157:H7 Undercooked ground Acid tolerance, biofilm Hemorrhagic [43]
and other STEC beef, fresh produce, formation, low infectious colitis, HUS
contaminated water, dose, toxin production
cattle feces
Campylobacter spp. Poultry, raw milk, Microaerophilic, motile, Campylobacteriosis [44]
contaminated water gut colonization (esp.
poultry), sensitive
to drying/heat
Staphylococcus aureus Human skin/nasal Toxin production (heat- Staphylococcal [45]
passages, dairy products stable enterotoxins), food poisoning
(esp. raw milk), meat salt tolerance, biofilm
formation, potential
MRSA strains
Bacillus cereus Soil, rice, starchy (heat resistant), toxin Emetic/diarrheal illness [46]

foods, dairy products

production (emetic/
diarrheal), psychrotrophic
strains exist

microbes are harnessed as productive “biotools.” Microbial ecol-
ogy insight has enabled breakthroughs in fermentation, enzyme
technology, probiotics, and biopreservation.

2.9 | Fermentation Ecology: Controlled Microbial
Ecosystems

Fermentation is the process of utilizing the metabolic activi-
ties of microorganisms such as acids or alcohol production to
produce various food products with enhanced shelf life, flavor,
and nutritional value [57]. Microbial communities originate
from the natural (indigenous) microbiota present on raw ma-
terials (plants, milk, and meat) or in the processing environ-
ment, through the practice of back-slopping (using a portion of
a previous successful fermentation to inoculate a new batch),
or via the deliberate addition of selected starter cultures [58].
Fermentations involve dynamic microbial consortia where the
relative abundance and activity of different microbial groups
change over time in response to evolving environmental con-
ditions (e.g., decreasing pH, nutrient depletion, and accumula-
tion of metabolites) [59]. This process of microbial succession
is governed by ecological principles like competition for sub-
strates, tolerance to environmental stresses (e.g., acidity and
salt), and metabolic interactions (e.g., cross-feeding and inhi-
bition). Metabolic flux within fermentation consortia shapes
the quality of the end product. Microorganisms compete for

limiting nutrients (such as amino acids, nitrogen, peptides, or
vitamins), and this competition channels metabolic pathways
in distinct ways. For example, heterogeneous communities in
spontaneous fermentations may divert nitrogen into a broader
array of amino acid-derived volatiles, whereas defined starter
cultures often channel flux toward uniform acid and ester
production. Recent multiomics studies show that modulating
nutrient availability can redirect metabolic flux and alter fla-
vor outcomes. In one case, adding the amino acid L-leucine to
a yeast starter markedly increased flux through the leucine
catabolism pathway, yielding higher levels of isoamyl alco-
hol and isoamyl acetate (key flavors in beer and sake) [60].
Quantitative tools like genome-scale metabolic modeling and
flux analysis are increasingly used to connect these nutrient
competitions with specific flavor compound profiles, help-
ing explain why spontaneous and inoculated fermentations
produce different sensory outcomes. Different types of fer-
mentation are characterized by distinct dominant microbial
groups (Table 3). Lactic acid fermentation is dominated by
LAB, including genera like Lactobacillus, Lactiplantibacillus,
Lacticaseibacillus, Leuconostoc, Streptococcus, Lactococcus,
Pediococcus, and Weissella. LAB convert sugars primarily
to lactic acid (homofermentative) or to ethanol/acetic acid
and CO, (heterofermentative) [61]. This type of fermenta-
tion is mostly used in the production of yogurt, cheese, sau-
erkraut, kimchi, some fermented sausages, and sourdough
[62]. Alcoholic fermentation is primarily driven by yeasts,
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TABLE 3 | Dominant microbial taxa in various fermented food categories.

Fermented food Primary microbial Primary functional
category groups Dominant genera role(s) References
Yogurt/fermented milks Thermophilic LAB Streptococcus Rapid acidification, [69]
thermophilus, texture (EPS), flavor
Lactobacillus delbrueckii (acetaldehyde)
subsp. bulgaricuss
Cheese Mesophilic/ Lactococcus lactis, Acidification, proteolysis [70]
(starter-dominated) thermophilic LAB Streptococcus (early ripening),
thermophilus, flavor precursors
Lactobacillus spp.
Cheese (ripened, e.g., LAB, yeasts, molds Lactococcus, Acidification, proteolysis, [70, 71]
blue and mold) Lactobacillus, lipolysis, flavor/
Debaryomyces, aroma development,
Geotrichum, Penicillium texture modification
roqueforti/camemberti
Sauerkraut/kimchi Hetero/ Leuconostoc Acidification (lactic, [72]
homofermentative LAB mesenteroides (early), acetic), gas (CO,),
Lactiplantibacillus flavor, texture,
plantarum, Lactobacillus pathogen inhibition
spp., Weissella spp.
Sourdough LAB (hetero/ Fructilactobacillus Acidification, [70]
homo), yeasts sanfranciscensis, leavening (CO,), flavor/
Lactiplantibacillus, aroma, proteolysis,
Levilactobacillus, phytate hydrolysis
Saccharomyces cerevisiae,
Kazachstania spp.
Fermented sausage LAB, coagulase- Lactobacillus sakei/ Acidification, [69]
neg. staphylococci curvatus, Pediococcus proteolysis, lipolysis,
(CNS), yeasts spp., Staphylococcus color development
xylosus/carnosus, (nitrate reduction by
Debaryomyces hansenii CNS), flavor/aroma
Soy sauce/miso Molds, yeasts, LAB Aspergillus oryzae/ Enzyme production [73]
sojae (koji stage), (proteases, amylases),
Zygosaccharomyces flavor/aroma (salt-
rouxii, Tetragenococcus tolerant fermentation)
halophilus (brine stage)
Tempeh Molds Rhizopus Mycelial growth [74]
oligosporus/oryzae binding beans, enzyme
production (proteases,
lipases), nutrient release
Beer/wine Yeasts (primarily), Saccharomyces Ethanol and CO, [73]

sometimes LAB

cerevisiae/pastorianus,
Brettanomyces spp. (some
styles), Oenococcus oeni
(wine—malolactic)

production, flavor/aroma
compounds (esters,
phenols), malic acid

especially Saccharomyces cerevisiae, converting sugars to
ethanol and CO, [63]. This is used mostly in the process of
brewing (beer), winemaking, and leavening bread (often
in conjunction with LAB in sourdough). Mold fermentation
utilizes Aspergillus spp. (e.g., soy sauce, miso, and sake—
often for enzyme production), Rhizopus spp. (e.g., tempeh),
and Penicillium spp. (e.g., cheese ripening—Roquefort and

Camembert) [64]. Acetic acid fermentation utilizes acetic acid
bacteria (AAB), such as Acetobacter and Gluconobacter, to ox-
idize ethanol to acetic acid, and it is mostly used in vinegar
production [65]. Understanding fermentation as a process of
managed ecological succession, where conditions are set to
favor the desired microbial pathways while suppressing un-
desirable ones (spoilage and pathogens) through mechanisms
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like acidification and antimicrobial production, is key to con-
trolling and optimizing these processes. Furthermore, the
vast microbial diversity harbored within traditional, often
geographically localized, fermented foods represents a signif-
icant, largely untapped resource for discovering novel strains
with unique metabolic capabilities applicable to food biotech-
nology. Modern biotechnology advances have emerged as an
innovative tool that can be used to tap into this space. Some of
these advances include controlled starter cultures and defined
microbial consortia. Metagenomic studies also now guide
the design of starter communities with desired traits [66]. In
addition, new fermented products (kombucha, kefir, and fer-
mented plant proteins) are developed for health benefits [67].
Synthetic biology is even being used to engineer strains to pro-
duce novel aromas or nutraceuticals, turning waste substrates
into value-added foods [68] (Table 4).

2.10 | Microbial Enzymes in Food Processing

Microbial enzymes have become indispensable tools in the mod-
ern food industry, offering a diverse range of applications from
baking to brewing and from dairy production to fruit juice clar-
ification [88]. Microorganisms are a rich source of enzymes that
are used extensively in food processing to improve efficiency,
yield, texture, flavor, and nutritional value [89]. These microbial
enzymes, derived from various bacteria and fungi, are being
utilized in the food industry to improve the quality and char-
acteristics of food products [88]. Some of these enzymes include
amylases, proteases, lipases, cellulases, and pectinases, and
each enzyme performs a specific function during food process-
ing. Amylases are derived from Bacillus subtilis and Aspergillus
oryzae, and their main function is to hydrolyze starch into sim-
pler sugars [90]. In baking, amylases are used to improve dough
texture and fermentation, resulting in bread with enhanced
quality [91]. Similarly, they are used in brewing to convert
starches into fermentable sugars, which are essential for alco-
hol production [92]. Proteases are derived from organisms like
Bacillus licheniformis and Rhizopus oryzae, and their function is
to break down proteins into peptides and amino acids, influenc-
ing both the flavor and texture of food [93]. In cheese production,
proteases contribute to curd formation and the development of
unique flavor profiles [94]. In meat processing, proteases are
used to tenderize meat, making it more palatable [95]. Lipases
are sourced from bacteria like Pseudomonas spp. and fungi like
Candida spp., and they catalyze the hydrolysis of fats and oils
[96]. Lipases are mostly used in dairy production to enhance the
flavors of cheeses and improve the quality of milk products [97].
Cellulases are derived from fungi such as Trichoderma reesei,
and they break down cellulose, a major component of the plant
cell walls [98]. This is particularly useful during fruit juice pro-
duction, where cellulases clarify juices by breaking down cell
walls, improving yield and overall quality [99]. Pectinases, com-
monly derived from Aspergillus niger, degrade pectin, a poly-
saccharide found in plant cell walls [100]. These enzymes are
invaluable in fruit juice and wine production, improving juice
extraction and clarification, as well as enhancing the texture of
jams and jellies [101].

Future research efforts are more focused on exploring new
sources of microbial enzyme production and engineering

enzymes with enhanced properties [102]. Genetic engineering is
being utilized to modify microbial strains, producing enzymes
with improved stability, activity, and specificity for targeted ap-
plications [103]. Metagenomic approaches are also being utilized
to explore different microbial communities in diverse environ-
ments, with the aim of discovering novel enzymes that can be
used in food processing [104] (Table 5).

2.11 | Probiotic and Prebiotic Development in Food
Biotechnology

The growing understanding of microbial ecology in food
biotechnology has profoundly influenced the development
of probiotics and prebiotics, two functional components
essential for promoting gut health and overall well-being
[111]. These developments leverage the complex interactions
within the gut microbiome to enhance digestion, immune
function, and disease prevention. Probiotics represent a di-
rect method of introducing beneficial microbes [112, 113].
Commonly utilized probiotic genera include various species
such as Lactobacillus (now distributed among several genera),
Bifidobacterium, the yeast Saccharomyces boulardii, and se-
lect strains of Enterococcus, Streptococcus, and Bacillus [114].
These organisms are often sourced from traditional fermented
foods but are increasingly delivered as defined strains in sup-
plements or fortified products [115]. The beneficial effects of
probiotics stem from their ecological interactions within the
host gut [116]. They can outcompete potential pathogens for
essential nutrients and binding sites on the intestinal lining.
Furthermore, many probiotics actively inhibit harmful mi-
crobes by producing substances like organic acids, hydrogen
peroxide, or specific antimicrobial peptides known as bacterio-
cins [117]. Beyond direct antagonism, probiotics engage with
the host by modulating the immune system, often strength-
ening gut barrier function and influencing immune cell ac-
tivity and responses, such as enhancing IgA production [118].
Their metabolic activities also contribute benefits, including
the production of vitamins and health-promoting short-chain
fatty acids (SCFAs) [119]. Complementing probiotics are pre-
biotics, which are nondigestible substrates selectively utilized
by beneficial host microorganisms [120]. Typically, these are
dietary fibers like inulin, fructo-oligosaccharides (FOSs), and
galacto-oligosaccharides (GOSs). Unlike probiotics, prebiot-
ics do not introduce new microbes but rather act as targeted
nourishment for existing beneficial populations, particularly
bifidobacteria and lactobacilli [121]. This selective feeding
stimulates their growth and activity, leading to increased
production of SCFAs like butyrate, which is a primary energy
source for colon cells and has wider systemic health benefits
[122]. The combination of probiotics and prebiotics in a sin-
gle product, known as synbiotics, is aimed at enhancing the
survival and efficacy of the probiotic component within the
gut environment [123]. The success of both probiotic and pre-
biotic interventions is fundamentally governed by ecological
principles. Efficacy is highly dependent on the specific mi-
crobial strain(s) used, the dosage administered, and crucially,
the host’s unique existing gut microbiome composition, diet,
and overall health status [124]. This highlights the person-
alized nature of gut microbiome modulation. Research con-
tinues to explore these complex interactions, including the
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potential of next-generation probiotics derived from a wider
range of commensal gut bacteria beyond the traditional LAB
and bifidobacteria [125]. In essence, probiotics and prebiotics
exemplify how understanding microbial ecology allows for
targeted strategies to positively influence the gut microbiome
for improved host health.

2.12 | Biopreservation: Microbial Ecology as a Food
Safety Tool

Biopreservation utilizes the natural antagonistic interactions
among microorganisms to control the growth of spoilage organ-
isms and pathogens in food, offering a clean-label alternative
or complement to traditional chemical preservatives [126]. This
eco-friendly approach leverages microbial ecology principles
to enhance food safety, extend shelf life, and maintain sensory
quality.

A biopreservation method is protective cultures, typically
LAB, which are deliberately introduced into food to inhibit
undesirable microbes [127]. These beneficial microbes sup-
press spoilage and pathogenic organisms through competition
for nutrients and space, as well as by producing antimicrobial
metabolites such as organic acids, hydrogen peroxide, diace-
tyl, reuterin, and bacteriocins [128]. Protective cultures are
carefully selected for their strong antagonistic activity against
microbes like Listeria monocytogenes, Clostridium species,
and spoilage yeasts and molds, while ensuring they do not
adversely affect the food’s flavor or texture [129]. For exam-
ple, specific LAB strains are applied in meat products to con-
trol Listeria, and Propionibacterium freudenreichii is used in
cheese to inhibit mold growth [130]. Selection processes often
involve screening numerous isolates from food environments
to identify strains with optimal efficacy, safety, and techno-
logical suitability.

The use of bacteriocins is another biopreservation method uti-
lized in food biotechnology. Bacteriocins are antimicrobial pep-
tides ribosomally synthesized by bacteria, mainly LAB, that
target closely related bacterial species [131]. Nisin, produced by
Lactococcus lactis, is the most well-known and commercially
used bacteriocin, effective against Gram-positive pathogens in-
cluding Listeria, Staphylococcus, and spore-forming Clostridium
and Bacillus [132]. Other bacteriocins include pediocin, sakacins,
and enterocins. These peptides can be applied either as purified
or semipurified additives or generated in situ by protective cul-
tures. Their specificity and natural proteinaceous nature, which
allows digestion in the human gut, make them attractive natural
preservatives [133]. However, bacteriocins face challenges such
as a limited spectrum of activity (often ineffective against Gram-
negative bacteria unless combined with membrane-permeabi-
lizing agents) [134], potential for resistance development, and
issues with stability and delivery in complex food matrices [135].

Another innovative biopreservation tool is bacteriophages
(phages), viruses that specifically infect and lyse bacteria. Phage
therapy is re-emerging as a precise method to control bacterial
pathogens such as Listeria, Salmonella, and E. coli O157:H7
in food and processing environments [136]. Phages offer high
host specificity, targeting harmful bacteria without disturbing
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TABLE 5 | Recent global case studies on microbial enzyme discovery and engineering for food processing.

Country Enzyme developed Key findings Application References
Ttaly Engineered industrial Mutagenesis and protein Used in baking and [103]
enzymes engineering enhanced brewing, improving
thermostability and fermentation and texture.
catalytic rates.
China Novel cellulases from Metagenomic and Applied in fiber [105]
bamboo pulp waste 16S rRNA sequencing degradation, beverage
uncovered cellulase genes clarification, and plant-
from Cloacibacterium, based food processing.
Paludibacter,
Exiguobacterium,
Acetivibrio, Tolumonas,
and Clostridium.
China B-Glucosidase mutants Two site-mutated Applied in flavor [106]
from Oenococcus oeni enzymes showed enhancement of wines
~2.8-3.2x higher activity =~ and fermented beverages.
and better thermal
stability than wild type.
Norway/United Kingdom  Marine protease cocktail =~ Metagenomic sequencing Used to upcycle [107]
identified marine bone- animal and fish bone
degrading enzymes; waste into food-grade
enzyme blend degraded protein powders.
bone proteins efficiently.
Norway Novel protease from Functional screening Used in soy sauce and [108]
sludge microbiome found protease active protein hydrolysate
up to 50°C with broad production.
substrate range.
Iran Engineered a-amylase Discovered thermostable Used in starch [109]
from rumen metagenome and pH-tolerant hydrolysis, brewing, and
a-amylase. sweetener production.
Egypt Cellulase and xylanase Optimized enzyme Used in agrofood waste [110]

from Bacillus pumilus

production from a novel
strain; high yield under
controlled conditions.

bioconversion and
fiber modification in
food formulations.

beneficial microbiota or altering food sensory qualities [137].
Several phage products have obtained regulatory approvals
for direct food application, including meats, poultry, and fresh
produce [138]. A typical example is GRAS in the United States
which is used for direct phage product approval application.
Phages are also useful for decontaminating food contact sur-
faces and disrupting bacterial biofilms [138].

In addition to bacteria-targeting agents, antifungal com-
pounds produced by certain fungi and yeasts play an import-
ant role in controlling spoilage molds and yeasts [139]. These
include organic acids like propionic and acetic acid, cyclic
dipeptides, and specific antifungal proteins, commonly ap-
plied in dairy products and baked goods to enhance shelf life
and product quality [140]. Biopreservation strategies depend
mostly on manipulating microbial interactions, especially
competition and antagonism, to shape the food microbial
ecosystem toward safety and stability. By exploiting these
natural microbial dynamics, biopreservation provides an ef-
fective, sustainable, and consumer-friendly approach to food

preservation that aligns with current demands for clean-label
and minimally processed products.

2.13 | Emerging Tools Shaping Food Microbial
Ecology

Traditional culture-based methods remain a reference stan-
dard for detecting pathogens and spoilage microbes [141].
These methods often lack the resolution needed to definitively
link foodborne illness cases to specific sources, especially for
common pathogens [142]. While reliable for culturable organ-
isms, culture methods require a much longer time to identify
an organism. Furthermore, the method can miss out on via-
ble-but-non-culturable (VBNC) cells. In order to authenticate
isolates, cultures are often “coupled with modern tools such
as PCR, immunoassays, next-generation sequencing (NGS),
biosensors, and MALDI-TOF MS” to reduce detection time
and improve specificity [143]. The advent of high-throughput
sequencing has ushered in a new era for microbial food safety
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surveillance and outbreak investigation, leading to improve de-
tection time [144] (Table 6).

2.14 | NGS: Whole Genome Sequencing (WGS)
and Metagenomics

The advent of NGS technologies has revolutionized the study of
food microbial ecology by enabling culture-independent analy-
sis at unprecedented depth and scale [145]. WGS of isolated mi-
croorganisms provides the ultimate resolution for strain-level
characterization [153]. In food safety, WGS is transforming out-
break investigations by allowing precise tracking of pathogen
transmission pathways, differentiating between closely related
strains, identifying virulence and AMR determinants directly
from the genome, and facilitating rapid source attribution
[154, 155]. Regulatory agencies and public health laboratories
are increasingly adopting WGS for routine surveillance of key
foodborne pathogens [156].

Since not all microorganisms are culturable, metagenomics
evolved to sequence the total DNA extracted from a sample
or an environment. This allows for the characterization of
entire microbial communities without the need for cultiva-
tion. Amplicon sequencing (metataxonomic), typically tar-
geting the 16S rRNA gene for bacteria or the ITS region for
fungi, is widely used to profile community composition and
diversity in various food matrices and environments [157].
Shotgun metagenomics sequences all DNA present, providing
insights not only into community composition but also into
the collective functional potential (gene content) of the micro-
biome, including the detection of ARGs [158]. While power-
ful, metagenomics faces challenges, such as the difficulty in
reliably detecting low-abundance pathogens in complex food
matrices without prior enrichment and the computational
complexity of analyzing large datasets [159]. Databases like
FoodMicrobionet are being developed to collate and standard-
ize food-related metataxonomic data, facilitating broader eco-
logical comparisons [160].

2.15 | Multiomics Integration

While genomics reveals the potential of a microbial community,
understanding its actual behavior requires integrating mul-
tiple layers of biological information. Multiomics approaches
combine genomics with other “omics” technologies such as
transcriptomics (studying gene expression via RNA), proteom-
ics (studying protein profiles), and metabolomics (studying
small molecule metabolites) to provide a more holistic view of
microbial systems [161]. Multiomics can elucidate the complex
metabolic cross-talk between different members of a microbial
community and identify metabolic bottlenecks or burdens, par-
ticularly in engineered strains used for precision fermentation.
By generating a functional blueprint of a food microbial eco-
system, multiomics moves beyond descriptive ecology toward
a more predictive understanding, identifying key players and
metabolic markers associated with desired quality attributes or
potential safety hazards [162]. However, the effective integration
and interpretation of large, multilayered datasets remain a sig-
nificant bioinformatic challenge.

2.16 | Synthetic Biology and Synthetic Ecology

Synthetic biology provides innovative tools for the rational de-
sign and engineering of microorganisms with novel or enhanced
functionalities relevant to food production [163]. This includes
engineering microbes to produce specific ingredients, improve
fermentation efficiency, utilize alternative feedstocks (like
CO, or methanol), or enhance nutritional properties [163, 164].
Complementing this, synthetic ecology involves constructing
simplified, defined microbial communities (synthetic consortia)
from well-characterized strains [165]. These model systems allow
researchers to study fundamental ecological principles, such as
interspecies interactions, community stability, and emergent
properties, in a controlled and tractable manner, simplifying the
complexity inherent in natural ecosystems. For instance, synthetic
gut communities are used to investigate metabolic interactions
and the effects of diet on microbial dynamics [166]. The knowledge
gained from synthetic ecology can inform the design of robust and
functional multispecies starter cultures for food fermentations or
probiotic applications [167]. Combining the engineering capabili-
ties of synthetic biology with the controlled testing environment of
synthetic ecology offers a powerful approach for developing novel
microbial consortia tailored for specific food applications, poten-
tially enabling a form of “directed ecological evolution” toward
desired community functions and stability [167].

3 | Discussion

By integrating evidence across food production environments,
fermentation systems, and biotechnological applications, this re-
view highlights microbial ecology as a unifying framework con-
necting food safety challenges with innovation-driven solutions.

3.1 | Microbial Ecology as a Framework for Food
Systems

Microbial ecology serves as a comprehensive framework for un-
derstanding the intricate interactions between microorganisms,
food environments, and human interventions. The findings of
this review show that microorganisms play a dual role within
food systems, acting as both agents of contamination and ben-
eficial microbes for food biotechnology and sustainability. This
dual role places microbial ecology at the intersection of food
safety and innovation, emphasizing that microorganisms op-
erate as dynamic members of complex ecosystems whose inter-
actions ultimately define food quality, safety, and functionality
[168]. By applying core ecological principles, competition, suc-
cession, adaptation, and symbiosis, the food industry can move
from reactive contamination control toward proactive ecosys-
tem management that nurtures beneficial microbial processes
while minimizing pathogenic risks.

3.2 | Ecological Understanding of Foodborne
Contamination

Viewing foodborne contamination through an ecological lens
shows that pathogens persist not because of sporadic contami-
nation events but due to their adaptive capacity to thrive within
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TABLE 6 | Advanced methodologies for studying food microbial ecology.

Principle/ Key applications Limitations/
Methodology data type in food context Strengths challenges References
WGS Full genome Pathogen tracking/ Highest resolution ~ Requires culturable [142]
sequence of isolate surveillance, for strain isolate, data
source attribution, comparison, analysis/storage
AMR/virulence comprehensive demands
prediction, strain genetic info
characterization,
root cause analysis
Metagenomics Targeted gene Community Cost-effective, Limited functional [145]
(amplicon) sequencing (e.g., composition established analysis  insight, PCR biases,
16SrRNA and ITS)  profiling (bacteria/ pipelines, good lower taxonomic
from total DNA fungi), diversity for taxonomic resolution (often
analysis, widely overview genus level), does
used for broad not detect viruses
surveys
Metagenomics Random Community Culture- High cost; complex [146, 147]
(shotgun) sequencing of all composition, independent, bioinformatic
DNA in a sample functional provides functional  analysis; host DNA
potential (gene insights, higher interference (high
content), ARG resolution than host-to-microbial
detection, virus/ amplicon, detects DNA ratios in
phage detection, broad range of animal-derived
strain-level organisms foods such as
analysis possible meat, and dairy
reduce microbial
read depth and
require host DNA
depletion steps);
difficulty detecting
low-abundance
organisms
Transcriptomics Sequencing of Identifying active Reveals active RNA instability, [148]
(meta-) RNA transcripts genes/pathways, processes, dynamic complex data
(gene expression) understanding view of community analysis,
microbial responses function quantitation
to environment, challenges
linking genotype
to phenotype
Proteomics Analysis of protein Identifying Direct measure Technically [149]
complement expressed proteins of functional challenging,
and enzymes, molecules complex data
understanding analysis, lower
functional throughput than
roles, and sequencing
posttranslational
modifications
(Continues)
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TABLE 6 | (CONTINUED)

Principle/ Key applications Limitations/
Methodology data type in food context Strengths challenges References
Metabolomics Analysis of Metabolic Closest link Compound [150]
small molecule fingerprinting, to phenotype, identification
metabolites identifying flavor/ direct measure of challenges,
aroma compounds,  biochemical output dynamic range
detecting toxins/ issues, sample
spoilage markers, preparation
understanding complexity
metabolic pathways
Multiomics Combining data Holistic system Comprehensive Data integration [151]
integration from multiple understanding, view, mechanistic complexity,
“omics” layers linking structure- insights bioinformatics
function- expertise required,
phenotype, high cost
elucidating
interactions,
building predictive
models
Synthetic biology/ Engineering Ingredient Rational design, Safety/regulatory [152]
ecology microbes/ production, controlled considerations
constructing enhanced experimentation, (engineered
defined fermentation, potential for novel organisms),
communities studying applications predicting complex
interactions, interactions,
designing scalability
functional
consortia,
bioprospecting

microbial networks. Pathogens such as Listeria monocytogenes,
Salmonella spp., Escherichia coli 0157:H7, and Staphylococcus
aureus exhibit remarkable ecological plasticity, enabling sur-
vival across a wide range of environmental and processing
conditions [41, 45]. Mechanisms such as quorum sensing, bio-
film formation, and stress response systems contribute to their
persistence in both food and environmental niches [45, 49].
Recent research indicates that Listeria can survive long term
within mixed-species biofilms, where interactions with LAB or
Pseudomonas confer enhanced tolerance to disinfectants [169].
These findings suggest that controlling pathogens in the food
system requires ecological interventions that will disrupt micro-
bial networks and nutrient niches, rather than sole reliance on
chemical sanitation. Strategies incorporating beneficial micro-
bial consortia, phage biocontrol, and ecological modulation of
processing environments represent a paradigm shift toward mi-
crobial community management for improved food safety.

3.3 | Microbial Ecology and Food Biotechnology

Similarly, microbial ecology underpins the beneficial processes
that define modern food biotechnology. Fermentation shows
how ecological succession and association between microorgan-
isms can be harnessed for food transformation. Mixed microbial
consortia, comprising bacteria, yeasts, and sometimes molds,
drive biochemical conversions that improve sensory, nutritional,

and functional attributes of foods [15]. Advances in metage-
nomics, transcriptomics, and metabolomics have revealed that
these microbial communities are not static but dynamically
structured, with early colonizers modifying environmental con-
ditions to favor successive species. For instance, in sourdough
fermentations, heterofermentative Lactobacillus species lower
the pH and generate organic acids that enable subsequent yeasts
to dominate later stages, influencing flavor and aroma profiles
[170]. Understanding such ecological dynamics facilitates ratio-
nal starter culture design and the development of probiotic for-
mulations with enhanced functional traits.

3.4 | Biopreservation as an Ecological Strategy

The concept of biopreservation shows the application of ecologi-
cal mechanisms to food safety enhancement. Protective cultures,
particularly LAB, are key ecological agents that produce a vari-
ety of antimicrobial metabolites such as organic acids, hydrogen
peroxide, and bacteriocins like nisin and pediocin [129]. These
metabolites act through multiple mechanisms, membrane dis-
ruption, competitive exclusion, and nutrient depletion, to inhibit
pathogenic and spoilage organisms. Similarly, bacteriophages
offer host-specific biocontrol of bacteria including Listeria,
Salmonella, and Campylobacter, providing precision interven-
tions without disturbing beneficial microbiota [138]. Emerging
phage-based products such as ListShield and SalmoFresh are
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now used in ready-to-eat foods, highlighting their commer-
cial viability [171]. Yeasts and filamentous fungi also produce
antifungal metabolites that protect dairy and bakery products,
underscoring the diversity of ecological mechanisms available
for sustainable preservation [172]. Collectively, these strategies
align with consumer-driven clean-label initiatives by reducing
chemical preservatives and promoting microbial balance.

3.5 | Microbial Enzymes and Industrial Applications

Microbial enzymes further exemplify the industrial potential of
microbial ecology. Enzymes such as proteases, amylases, lipases,
and cellulases are central to food processing, texture modifica-
tion, and flavor generation [88]. Recent metagenomic screening
from extreme and underexplored environments, such as saline
soils, compost, and fermented wastes, continues to uncover
novel enzymes with improved thermostability and substrate
specificity [104]. These enzymes support bioprocess efficiency
while reducing environmental footprints, demonstrating how
ecological diversity directly translates to biotechnological inno-
vation. The integration of metagenomics and synthetic biology
now enables enzyme optimization through gene editing and di-
rected evolution, providing unprecedented control over enzyme
performance for industrial applications.

3.6 | Integration of Omics and Synthetic Biology

The emergence of high-throughput sequencing, multiomics in-
tegration, and synthetic biology has transformed food microbial
ecology from an observational field into a predictive science.
WGS now enables source attribution, outbreak tracking, and
the identification of virulence or antimicrobial resistance deter-
minants with single-nucleotide resolution [155]. Metagenomics
and metabolomics reveal the structure and function of complex
microbial communities, allowing researchers to map interspe-
cies interactions and metabolic fluxes [145]. Moreover, synthetic
biology extends these insights into practical applications by en-
abling the rational engineering of microbial consortia or individ-
ual strains for specific ecological outcomes, such as enhanced
fermentation, bioactive compound production, and targeted
pathogen inhibition [163]. These advancements mark a transi-
tion from reactive food safety measures toward proactive eco-
system engineering, where microbial behavior can be predicted
and steered to achieve desired outcomes.

3.7 | Challenges and Knowledge Gaps

Despite rapid technological progress, translating microbial eco-
logical knowledge into reliable food safety and biotechnology
solutions remains challenging. The complexity of multispecies
interactions and spatial heterogeneity in biofilms complicates
the prediction of microbial dynamics [21]. Many genes iden-
tified through metagenomics remain functionally uncharac-
terized, limiting the translation of genomic data into practical
applications. Furthermore, the use of engineered or synthetic
microorganisms in food raises ecological, ethical, and regula-
tory concerns that require harmonized safety assessments and
international policy frameworks [173]. Regulatory approaches

to engineered microbes differ between different jurisdictions. In
the European Union, current law follows a precautionary model:
The 2018 European Court of Justice decision ruled that organ-
isms modified by newer techniques (e.g., CRISPR) are subject to
existing GMO regulations. Thus, gene-edited strains effectively
face the same lengthy approval and labeling requirements as tra-
ditional transgenic GMOs. By contrast, the United States uses a
product-based framework. The USDA and FDA generally do not
classify simple gene edits (without introduced foreign DNA) as
GMOs. For example, CRISPR-edited yeast or plant varieties with
only small deletions have been exempted from regulation. As a
result, most gene-edited foods in the United States do not carry
GMO labels unless their nutritional profile or allergen content
has changed. These differences mean that industrial developers
of synthetic biology solutions must navigate a patchwork: the
EU’s strict GMO-based regime versus the United States more
lenient, trait-focused regime [174, 175]. There is also a need for
improved rapid, culture-independent diagnostics capable of de-
tecting low-abundance pathogens and antimicrobial resistance
genes in complex food matrices [176]. These challenges high-
light the importance of cross-disciplinary collaboration among
microbiologists, bioinformaticians, and regulatory bodies to en-
sure safe and sustainable integration of microbial technologies.

3.8 | Future Research Directions

Looking forward, the next decade of research should focus on
deepening mechanistic understanding and expanding techno-
logical integration within microbial ecology. The combination
of machine learning with multiomics data holds great prom-
ise for predictive modeling of microbial behavior, enabling
early identification of contamination events and real-time pro-
cess optimization. Emerging biosensing technologies, such as
CRISPR-based and electrochemical sensors, can facilitate rapid
and precise detection of pathogens and antimicrobial resistance
markers directly in processing environments. Further explora-
tion of microbial dark matter through metagenomic and sin-
gle-cell sequencing will likely reveal novel enzymes, secondary
metabolites, and symbiotic interactions relevant to food safety
and biotechnology. Advancements in synthetic biology should
prioritize the design of minimal or synthetic microbial consortia
capable of maintaining ecological stability in industrial fermen-
tations. Moreover, future research must evaluate the ecological
and evolutionary consequences of deploying engineered micro-
organisms and bacteriophages in food systems, ensuring that
innovation aligns with ecological safety and regulatory respon-
sibility. Integrating these emerging technologies within a system
ecology framework will accelerate the transition toward intelli-
gent, adaptive, and sustainable food ecosystems.

4 | Conclusion

Microbial ecology has emerged as a unifying framework con-
necting food safety challenges with biotechnological innova-
tion. By shifting focus from pathogen eradication to ecosystem
management, ecological approaches enable more sustainable,
resilient, and effective food safety strategies. Advances in fer-
mentation science, biopreservation, probiotics, microbial en-
zymes, and synthetic biology demonstrate how beneficial
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microbial functions can be harnessed to improve food qual-
ity and public health. The integration of high-throughput se-
quencing, multiomics, and synthetic ecology is transforming
food microbiology into a predictive and design-oriented disci-
pline. However, addressing ecological complexity, regulatory
concerns, and translational barriers remains essential for re-
sponsible implementation. Future research should prioritize in-
terdisciplinary collaboration and ecosystem-based management
to ensure safe, innovative, and sustainable global food systems.
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